Abstract Climate change models predict that the range of the world's smallest tortoise, Homopus signatus signatus, will aridify and contract in the next decades. To evaluate the eVects of annual variation in rainfall on the growth of H. s. signatus, we recorded annual growth rates of wild individuals from spring 2000 to spring 2004. Juveniles grew faster than did adults, and females grew faster than did males. Growth correlated strongly with the amount of rain that fell during the time just before and within the growth periods. Growth rates were lowest in 2002-2003, when almost no rain fell between September 2002 and August 2003. In this period, more than 54% of the tortoises had negative growth rates for their straight carapace length (SCL), shell height (SH), and shell volume (SV); maximum shrinking for SCL, SH, and SV was 4, 11, and 12%, respectively. The shell of H. s. signatus has some Xexibility dorso-ventrally, so a reduction in internal matter due to starvation or dehydration may have caused SH to shrink. Because the length and width of the shell seem more rigid, reversible bone resorption may have contributed to shrinkage, particularly of the shell width and plastron length. Based on growth rates for all years, female H. s. signatus need 11-12 years to mature, approximately twice as long as would be expected allometrically for such a small species. However, if aridiWcation lowers average growth rates to the level of 2002-2003, females would require 30 years to mature. Additionally, aridiWcation would lower average and maximum female size, resulting in smaller eggs and hatchlings. These projected life history responses to aridiWcation heighten the threat posed by the predicted range contraction of this red-listed species.
Introduction
The tremendous variation in animal life histories reXects the complex interplay of intrinsic and extrinsic inXuences upon growth, reproduction, survivorship, and other life history traits. Important extrinsic determinants of growth include among others, temperature (Atkinson 1996) , water availability (Lorenzon et al. 1999) , food availability (Dunham 1978) , and food quality (Gauthier et al. 2006) . Growth, survival and reproduction are often interdependent (Ricklefs 2006; Gauthier et al. 2006) , and the eVect of environmental variability on these life history traits may have far-reaching consequences for population dynamics and persistence. Recent studies showed that increasing spring temperatures advanced the breeding date of tree swallows Communicated by Anssi Laurila.
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over North America (Dunn and Winkler 1999) but climatic variability may induce mismatches between food availability and requirements (Stenseth and Mysterud 2002) , as has been shown for great tits (Visser et al. 1998 ). Severe winter conditions, which limit food availability, lower the growth rates of reindeer calves in Norway (Weladji and Holand 2003) . To help us understand and conserve biodiversity, we must evaluate the relative impact of natural and human inXuences on animal life histories and populations.
Tortoises are long-lived species that grow slowly and may require more than a decade to reach sexual maturity (Germano 1994; Aresco and Guyer 1999) . In reptiles, as in many animal groups, there is a positive correlation between age at maturity and longevity (Tinkle 1969; Shine and Iverson 1995) , so that some costs associated with delayed maturity are oVset by iteroparity (Kuchling 1999) . Anthropogenic impacts, such as land development, climate change, road traYc, and collecting for consumption or the wildlife trade, challenge the success of life history strategies of tortoises, and have contributed to the current listing of 33 tortoise species (circa 60% of all tortoise species; Ernst et al. 2000) in the IUCN Red Data Book (IUCN 2006) .
Given the constraints imposed by tortoise life histories, it is important to understand growth patterns and their determinants in order to facilitate conservation. Incubation temperature inXuences post-hatching growth rates of some chelonians (Brooks et al. 1991; Demuth 2001 ), but little is known about the eVects of environmental conditions on growth to maturity. Although Germano (1994) concluded that interspeciWc diVerences in growth rates among Gopherus spp. were not explained by diVerent climatic conditions among the species' ranges, growth in desert tortoises (G. agassizii) appears to be related to rainfall and primary production (Medica et al. 1975; Berry 2002) . Desert tortoises respond remarkably to changing environmental conditions (Peterson 1996a (Peterson , 1996b Henen et al. 1998 ), but it is not known how these physiological and behavioral responses relate to growth rates.
Growth is associated with a positive increase in the size of an animal, but Galápagos marine iguanas, Amblyrhynchus cristatus, can shrink in years of food shortages (Wikelski and Thom 2000) . In this species, shrinking appears to be an adaptive response to nutrient stress because individuals that shrink more have higher survivorship. A similar phenomenon has not been described for tortoises and would challenge current notions about the rigid nature of the tortoise shell.
The Namaqualand speckled tortoise, Homopus signatus signatus, is the world's smallest tortoise species (maximum straight carapace length 110 mm; Loehr et al. 2006) , and is restricted to the arid winter rainfall area of the Succulent Karoo in northwestern South Africa (Boycott and Bourquin 2000) . H. s. signatus lives in rocky terrain, where it retreats in crevices (Loehr 2002a) , and has a herbivorous diet (Loehr 2006) . Female H. s. signatus produce one egg at a time and egg size is strongly correlated to body size and body condition (Hofmeyr et al. 2005) . Body condition in turn is inXuenced by winter rainfall patterns (V.J.T. Loehr et al., unpublished manuscript) ; the rains in the austral winter fall primarily from May to August. Their relatively large eggs (7.5% of body size) suggest that, compared to small hatchlings, large hatchlings may survive better in their harsh environment (Hofmeyr et al. 2005) . Consequently, it is important to know how long H. s. signatus females require to grow large enough to produce viable oVspring. The strong eVects of rainfall and body size on the reproduction of H. s. signatus, together with recent threats of climate change to its restricted range (Rutherford et al. 1999) , make it critical to understand how the environment inXuences growth in H. s. signatus.
We measured growth of H. s. signatus for a total of four 12-month growth periods, from 2000 to 2004. Here we report average growth rates for males, females and juveniles, the relationship of growth rates to rainfall, and a high incidence of shrinking during a particularly dry year.
Materials and methods
A population of H. s. signatus near Springbok, South Africa (South African Coordinate System: Grid Cell 2917DB) was monitored annually for 5-6 weeks each spring (August-October) from 2000 to 2004 (see Loehr 2002a for a site description). Each day the study site (3.6 ha) was traversed and inspected systematically by 2-5 experienced Weld workers who searched among rocks, under shrubs, and in open areas for tortoises. For each tortoise that we found for the Wrst time in a year, we used electronic callipers to measure, to the nearest 0.01 mm, straight carapace length (SCL, midline distance at the nuchal and supracaudal scutes), shell width (SW, where the shell was widest), shell height (SH, where the shell was highest), and plastron length (PL, midline distance at the gular and anal scutes). Shell volume (SV) was estimated using a modiWed formula for an ellipsoid (SV = £ SCL £ SH £ SW/ 6,000, as cm 3 ; Loehr et al. 2004) . Our study design required repeatability of measurements throughout the study. Consequently, the senior author collected most of the data and, to minimize variance, trained Weld crews to collect data consistent with his method. In addition, using digital callipers helped minimize reading errors. Although it was not feasible to quantitatively assess the repeatability of our measurements, a signiWcant variation in measurement technique would have obscured the patterns that we detected. Tortoises that were too small to sex were recorded as juveniles.
Each individual was marked with a unique combination of black nail polish dots on the carapace (2000) (2001) (2002) , and from 2003 by notching marginal scutes (Cagle 1939) . The Springbok weather station, 2.5 km north of the study site, provided rainfall data.
We compared male, female and juvenile measurements (SCL, SH, SW, PL and SV) using one-way ANOVA (data ranked when required to meet parametric assumptions). Mean growth increments or growth rates of SCL, SH, SW, PL (mm year ¡1 ), and SV (cm 3 year ¡1 ) were calculated for each animal group, each 12-month growth period (e.g., spring 2000 to spring 2001), all groups combined and all periods pooled. Our Weld method represented sampling with replacement, although by capturing several males and females in more than two consecutive years we were able to use repeated-measures tests as well, albeit with greatly reduced sample sizes. We compared means among periods using ANOVA (two-way or one-way) for independent samples. We also report results from repeated-measures ANOVA (RM ANOVA), on animals captured in all Wve years, in the rare instances when these added signiWcant results beyond those of standard ANOVA.
When possible, we used two-way ANOVA or two-way RM ANOVA to simultaneously test for eVects of animal group and period. If the data did not meet parametric assumptions, even after log-or rank-transformations, we used one-way ANOVA or one-way RM ANOVA on raw or transformed data, and in two instances, we used non-parametric Kruskal-Wallis tests. Student-Newman-Keuls (SNK) and Dunn's post hoc tests followed parametric and nonparametric ANOVA, respectively. To determine if growth increments were signiWcantly diVerent from zero, we used one-sample t tests, or Wilcoxon tests if samples were non-parametric. We compared frequencies of negative growth rates among periods and groups by contingency table analysis ( 2 ). To account for body size diVerences in comparisons between males and females, and among growth periods, we used ANCOVA to compare linear regressions of growth increments (SCL, SH, SW and PL) on initial SCL, and growth of SV on initial SV (Zar 1999) . ANCOVA was used only when regressions were statistically signiWcant for the relevant groups or periods; in some cases log-or ranktransformation was necessary to comply with parametric assumptions. The slopes and elevations of regression lines were compared by ANCOVA (Zar 1999) followed by SNK post hoc tests for cases with more than two groups.
We assessed correlations between growth rates of the four 12-month growth periods and rainfall for the same period, that is, from September to August. However, growth in herbivores will lag behind rainfall partly due to the time required for plants to respond to rain. High rainfall towards the end of winter (July-August) would probably not aVect growth before September, so we also evaluated the eVects of rainfall from August to July, and from July to June, on the growth of H. s. signatus. EVects of the rainfall periods and body size (SCL and SV) on growth rates were evaluated by multiple regression analysis. We used ANCOVA to evaluate whether male and female growth responded similarly to variation in annual rainfall. Because body size inXuenced growth rates, we used ANCOVA on the residuals (Clark et al. 2001; Hofmeyr et al. 2005 ) of growth scaled on body size. For all correlations of growth to rainfall, data were log-or rank-transformed when data were not parametric.
DiVerences were considered statistically signiWcant at P < 0.05. We completed Wilcoxon's tests in StatsDirect 1.9.12 (Iain E. Buchan, UK), and ANCOVA, contingency table analysis and one-sample t tests according to Zar (1999) . All other statistics were completed in SigmaStat 2.03 (SPSS Inc., Chicago, IL, USA).
Results
Annual rainfall varied from 131 to 226 mm, and was below average (218 mm, for 1990 to 2004) in all years except 2001 ( Fig. 1) . The timing of the rains diVered from year to year (Fig. 1) ; most notably, winter rainfall was nearly absent in 2003, when 79% of the annual rainfall fell in 1 month, August. In September 2003, we noted qualitatively that few annuals had germinated and that primary production was very low. In contrast, September 2001 had extraordinarily lush vegetation. Rainfall from September to August, the periods for which we recorded H. s. signatus growth, was 244, 183, 150 and 94 mm, respectively, for the four growth periods. Rainfall for August to July (1 month time lag) was 211, 200, 73, and 184 mm, respectively, whereas rainfall was 172, 268, 92, and 162 mm, respectively, for July to June (two-month time lag). There was considerable variation in tortoise shell measurements ( Fig. 2a ) and in the annual growth increments of shell dimensions (Fig. 2b) . The mean percent change ( §SD, N = 202, but N PL = 201) in shell dimensions for all tortoises, expressed relative to the value at the beginning of the 12-month periods, was 2.1 § 4.7% for SCL, 1.6 § 5.1% for SH, 2.1 § 3.9% for SW, 2.2 § 4.6% for PL, and 6.3 § 13.6% for SV.
Growth variation among groups and periods
For the entire study, juvenile growth rates (in absolute terms) exceeded growth rates of adults (Fig. 2b) . The exception was SV, which was similar for females and juveniles (Fig. 2b) . Growth rates of male, female, and juvenile H. s. signatus diVered among periods (Table 1) Repeated-measures analysis for males and females conWrmed the diVerences among periods identiWed by independent ANOVA (two-way RM ANOVA, F (3,33)¸4 .10, P · 0.014), except that SH increments diVered between only two periods (2002-2003 < 2001-2002) , and PL growth tended to diVer among growth periods (F (3,33) = 2.77, P = 0.057).
Correlations of growth with body size
The growth of all body dimensions was strongly correlated to body size for males and females (Electronic Supplementary Material, S1), but not for juveniles (all periods combined, linear regressions, F (1,15) · 2.19, P¸0.16). While ANOVA did not identify growth rate diVerences between males and females, compensation for body size eVects using ANCOVA showed that female growth rates were higher than were those of males; that is, the elevations of growth regressions (when signiWcant for males and females) were always higher in females than in males (S1; Fig. 3a-d) .
For many male and female regressions, there were diVerences among periods of growth, with steeper (more negative) slopes or higher elevations in 2001 -2002 than in 2002 -2003 Fig. 3a-d) . In addition, elevations for SCL and male SV growth increments were lower in [2002] [2003] than in all other 12-month periods, and elevations for male and female SV increments were higher in 2001-2002 compared to all other periods (S1). In males, SW regression elevations were higher in 2001-2002 than in 2000-2001 or 2002-2003 , and the slopes of PL regressions were steeper in 2000-2001 and 2001-2002 than in 2002-2003 and 2003-2004 (S1) . For some comparisons, statistical diVerences in elevation did not correspond to diVerences among intercepts (S1). This occurred because intercepts occurred outside the range of measured covariates (x values), and slight slope diVerences caused regression lines to cross before reaching the intercepts.
Negative growth rates or shrinking Many H. s. signatus individuals showed negative growth rates or shrinking, but the frequency of shrinking diVered Table 1 ). Error bars represent standard deviations. Each shell dimension diVered among groups (F (2,109)¸5 2.91, P < 0.001; SNK: F > M > J). Growth rates diVered among groups for SCL, SH and PL (two-way ANOVA, F (2,190)¸8 .82, P < 0.001) and for SW and SV (Kruskal-Wallis tests, H 2¸9 .16, P < 0.01). Juvenile growth rates were signiWcantly higher than those for males and females, which did not diVer from one another, in all parameters (SNK or Dunn's: P < 0.05) except for SV, where juvenile rates were signiWcantly greater than those of males but not females among growth periods (for SCL, SH and SV, 2¸2 4.24, df = 3, P < 0.001; for SW and PL,
2¸9
.91, df = 3, P · 0.019). The lowest incidence of shrinking for SCL (18%, i.e., 9 of 50 tortoises), SH (16%), SW (8%), PL (8%), and SV (10%) occurred in 2001-2002, when average growth was positive for all body measures of all groups F (3,190) = 8.79, P < 0.001; PL F (3,189) = 2.68, P = 0.048 One-way ANOVA: SV; males F (3,89) = 13.41, P < 0.001; females F (3,88) = 10.07, P < 0.001; juveniles F (3,12) = 4.29, P = 0.026
One-way ANOVA: SW; males (rank-transformed) F (3,89) = 6.28, P < 0.001; females (log-transformed) F (3,89) = 3.93, P = 0.011; juveniles (ranktransformed) F (3,12) = 17.41, P < 0.001 Sample sizes for males, females, and juveniles were: 15, 14, 2 (2000 -2001 22, 23, 5 (2001 -2002 31, 34 (33 for PL), 7 (2002 31, 34 (33 for PL), 7 ( -2003 and 25, 21, 3 (2003-2004) (Table 1) . During this period, growth increments relative to body size diVered between males and females ( Fig. 3a-b ) but the frequency of males and females with negative growth were similar (for all dimensions P > 0.23). In fact, we recorded no sexual diVerence in the frequency of shrinking for any period or all periods combined ( 2 · 3.63, df = 1, P¸0.057). Shrinking was very common in [2002] [2003] . The SCL shrank in 57% of the tortoises and growth rates (i.e., the elevations of male and female growth regressions relative to body size) were lower than in all other periods ( Fig. 3c-d; S1 ). Also, SH and SV often shrank in 2002-2003 (64 and 54% of the tortoises, respectively). Although the frequencies of SW-and PL-shrinking diVered among growth periods, and were lowest in 2001-2002, the frequencies did not diVer substantially among the other three periods (for SW 17-35%, for PL 21-33%). Juveniles rarely shrank; SH shrank for two juveniles (one in 2001-2002, one in 2002-2003) , and SV shrank for one juvenile (2002) (2003) .
On average, tortoises with negative growth shrank 1% for SCL and SW, 3% for SH, 0.5% for PL, and 3% for SV in one year. The maximum shrinkage per year was 4% for SCL, 11% for SH, 8% for SW, 2% for PL, and 12% for SV. The mean growth increment for SH during 2002-2003 was less than zero in males (one-sample t tests, t 30 = ¡3.47, P < 0.001) and females (t 33 = ¡1.88, P = 0.034) ( Table 1) .
Of all adult tortoises with SCL that shrank during 2002-2003, 79% (i.e., 15 of 19 tortoises) had a positive SCL growth rate in the following year (2003) (2004) 
EVect of rainfall on growth rates
No growth measure for males, and few growth measures for females and juveniles, was correlated to the September to August rainfall values. Regressions included SW and SV increments for females (F (1,90)¸4 .48, r 2 > 0.047, P · 0.037), and SW and PL increments for juveniles (F (1,15)¸6 .77, r 2 > 0.31, P · 0.020). All growth increments of males and females were correlated to the July to June rainfall (F = 4.04-40.97, df1 = 1, df2¸90, r 2 = 0.04-0.31, P = 0.047 to <0.001). Most, but not all growth increments of males and females were also correlated with the August to July rainfall values (F = 12.98-26.44 , df1 = 1, df2¸90, r 2 = 0.13-0.23, P < 0.001); the exceptions were the growth increments for SW and PL (P > 0.23). Juvenile growth was correlated to rainfall values for both periods (F (1,15) = 6.61-31.52, r 2 = 0.31-0.68, P = 0.021 to <0.001), except for SH growth, which was correlated only to August to July rainfall (F (1,15) = 6.61, r 2 = 0.31, P = 0.021). Multiple regressions showed that body size and the Julyto-June rainfall explained 30-56% of the variation in adult growth (F > 19.40, df1 = 2, df2 = 89 or 90, P < 0.0001). After correcting annual growth rates for body size eVects, the regression of SV growth on rainfall was steeper for females than for males (Fig. 4) , and the regression lines intersected at a rainfall of 165 mm and a growth of ¡0.03 cm 3 year ¡1 . The lines for males and females intercepted zero growth at 165 and 164 mm rainfall, respectively. For juveniles, the combined eVects of body size and the August-to-July rainfall values explained between 50 and 69% of the variation in growth (F (2,14) > 7.13, P < 0.0073). Although growth increments of juveniles were not correlated to body size in simple regressions, SH and SV growth correlated with body size (P · 0.033) when we accounted for the eVect of annual rainfall in the multiple regression analysis.
Discussion

Growth rates of H. s. signatus
As in many chelonians (Kuchling 1999) , growth in Homopus s. signatus is indeterminate; the high growth rate of juvenile H. s. signatus decreased substantially but did not stop when individuals matured. The low growth rate in adults relative to juveniles is probably associated with changes in resource allocations at maturity. In contrast to juveniles, adults invest resources in reproduction, which may limit the resources that adults have available for growth (Stearns 1992) . Adult growth correlated negatively with body size, with males and females reaching maximum SCLs of 96 and 110 mm, respectively ).
The growth rates (SCL) of H. s. signatus tended to be low (2.5-9.5 mm year ¡1 for juveniles and ¡0.4 to 2.3 mm year ¡1 for adults) in comparison to other small terrestrial chelonians. Growth rates measured or modeled in Terrapene carolina bauri are about 11 mm year ¡1 at ages 0-5 years and 0.1-7 mm year ¡1 for ages 5-27 years (Ernst et al. 1998) , and approximately 5 mm year ¡1 for juvenile and 0-5.1 mm year ¡1 for adult Cuora Xavomarginata (Chen and Lue 2002) . Growth rates for the tortoise Testudo horsWeldii range from 7 to 13 mm year ¡1 for the 0-6 year age group and 4-7 mm year ¡1 for ages 7-11 years (Lagarde et al. 2001) , while in Gopherus berlandieri growth rates are about 12 mm year ¡1 for the Wrst 4 years and 4-9 mm year ¡1 for ages 5-20 years (Germano 1994) . The low growth rate of H. s. signatus is probably associated with the small size of the species and the harsh conditions in its environment.
Female H. s. signatus grew faster than did males of the same size. The single, large eggs that females produce, and the strong correlation between egg size and female size, suggest a selective advantage for large eggs and oVspring in H. s. signatus (Loehr et al. 2004; Hofmeyr et al. 2005) . The high growth rate of females, relative to males, may facilitate females reaching their large body size and ultimately the production of large, viable eggs.
The large variation in growth within groups (see Fig. 3 ) suggests that some individuals were more successful than others in acquiring and allocating resources for growth. This variation may result from diVerent availabilities of resources in microhabitats, or it may reXect inherent individual variation (genotypic or phenotypic) in the ability to gather and utilize resources from the environment. Inherent diVerences may provide material for selection when the environment changes.
EVects of rainfall on growth
The rainfall pattern in the habitat of H. s. signatus supports the growth of annual and perennial plants in autumn and winter, with most plants Xowering in spring (Le Roux and Schelpe 1997; Loehr 2002b) . The duration of the growth season depends on the timing of the rains, and may be long when rains start in autumn, or brief when rains start in midwinter (Van Rooyen 1999) . In September 2003, when the Wrst signiWcant rains had fallen late, we noticed little plant growth, including known food plants for H. s. signatus (Loehr 2002b; Loehr 2006) , whereas the Weld site was covered by Xowering annuals in September-October 2001 after regular rain showers since autumn. The amount and timing of rainfall would inXuence foraging opportunities of herbivores, particularly animals such as tortoises, which rely mainly on herbaceous plants (Boycott and Bourquin 2000) .
Growth rates appeared to lag behind rainfall events. H. s. signatus growth rates correlated with the amount of rain that fell just before and during the September to August growth periods. The eVect of rainfall on SV growth was more pronounced in females than in males. In years with low rainfall, the growth rate of females decreased more than did male growth rate, and in years with higher rainfall, female growth rate increased more than did the growth rate of males (Fig. 4) . A large proportion of females was gravid each year (V.J.T. Loehr et al., unpublished data) , and the diVerent eVect of rainfall on the sexes probably reXects diVerences between male and female investments in reproduction; females tend to allocate more towards reproduction in wet years than in dry years (Henen 1997; Grant et al. 2000) . In dry years, female H. s. signatus appear to invest most of their resources into egg production, at the cost of growth, while in years with higher rainfall, females have suYcient resources to channel towards egg production and growth.
Shrinking
Negative growth rates or shrinking occurred on a large scale in H. s. signatus, and was not just an aberration involving a few individuals. There was large interindividual variation in growth, which was partly due to body size diVerences, with juveniles being less prone to shrinking than were adults. Because of their small size, juveniles would have had lower total energy needs than adults, which may have allowed juveniles to grow better than adults did when resources were scarce. Additionally, juveniles probably had large somatic allocations, and little if any reproductive allocations, compared to adults. In adults, shrinking was not caused strictly by nutrient allocations to egg production, as we found no diVerences in the frequency of shrinking between males and females. The highest incidence of shrinking coincided with an extended drought (2002) (2003) , when most adult H. s. signatus shrank instead of grew. Nevertheless, there were incidences of shrinking in all the years, even when rainfall for the period was above average (i.e., 2001-2002) . It thus appears that some variation in the growth rate of H. s. signatus can be ascribed to diVerent capabilities of individuals to accrue resources for growth.
The marine iguanid Amblyrhynchus cristatus may shrink up to 20% (snout-to-vent length, SVL) within two years (Wikelski and Thom 2000) . Snout-to-vent length in lizards is determined by the compositions of various tissues, such as bone and connective tissue, and shrinking in A. cristatus has been ascribed to the resorption of both soft tissue and bone. In tortoises, body size is determined by the bony shell, which is covered by a thin epidermal, horny surface (Kuchling 1999) . In H. s. signatus, the bony layer of the carapace is thin, possibly to facilitate mobility in their rocky habitat, and the shell has some Xexibility in the dorso-ventral plane (SH). Females require kinesis of the posterior shell elements to pass their large egg (Hofmeyr et al. 2005) , and ontogenetic replacement of bony sutures with Wbrous connections, as in the freshwater terrapin Dogania subplana (Pritchard 1993) , may play a role in shell kinesis and shell Xexibility in H. s. signatus.
The maximum annual SH loss (11%) of H. s. signatus was comparable to SVL shrinking in A. cristatus. A reduction in the internal mass of the tortoises (e.g., bladder and gut content, body reserves, and reproductive mass in females) probably contributed greatly to shrinking in SH, and through the eVect on SH, to shrinking of SV. The eVect of shrinking was less pronounced on SCL, SW, and PL, and body shape changes due to internal mass changes may partly explain reductions in these measures. However, the shell of H. s. signatus is fairly rigid in width and length (particularly PL; V.J.T. Loehr et al., personal observation), suggesting that a loss of bone tissue is involved in the shrinking, as proposed for A. cristatus (Wikelski and Thom 2000) .
Shrinking in H. s. signatus was reversible, as in marine iguanas. Wikelski and Thom (2000) viewed shrinking in marine iguanas as an adaptive response to low food availability in El Niño years because big adults that shrank more lived longer. Recent information for adult desert tortoises (G. agassizii) indicates that carapace length can shrink 0.8% (ca. 1.9 mm) during a drought year (ca. 115 days of the activity period), and that this shrinkage was reversible (K.J. Field, personal communication; Field et al. 2007 ). We do not have suYcient data on survivorship for H. s. signatus, but the growth subsequent to shrinking suggests that shrinking is a reversible eVect of starvation.
Implications for conservation
Based on average growth rates and regressions for SCL in juvenile and female H. s. signatus, we estimate that females mature in 11-12 years (assuming a hatchling SCL of 33.8 mm, and a SCL at maturity of 84.1 mm; Loehr 1999; Loehr et al. 2004 ). This period is unusually long; a chelonian the size of H. s. signatus would be expected to mature in approximately 5.5 years according to data for 35 chelonian species (Iverson 1992) . The limited resource availability of the Succulent Karoo probably limits the tortoises' growth rate and requires that females reach a relatively large size to produce viable oVspring, the combination helping explain the long growth trajectory of H. s. signatus.
Climate models predict that the range of H. s. signatus will become substantially drier within the next 50-100 years (Rutherford et al. 1999 3 ) of an average sized female (92.6 mm) would decrease by 1 or 6%, respectively, when applying the average or maximum SCL shrinking rates for the dry year (2002-2003; see Table 1 ). In contrast, after maximum growth in a good year (2001) (2002) , egg volume would increase by 11%, so that the maximum diVerence in egg volume between a good and a bad year would be 17%. These egg sizes correspond to hatchling volumes of 8.05 and 9.74 cm 3 , a diVerence of 21% (V.J.T. Loehr, unpublished data from captivity).
AridiWcation of H. s. signatus' habitat would impact the time hatchlings need to reach maturity, the size of females, the size of eggs and hatchlings, and probably the success of the eggs and hatchlings. Apart from the projected eVects of aridiWcation on the life history of H. s. signatus, climate change models predict that H. s. signatus will experience a range contraction and range displacement of more than 50% over the next few decades (Erasmus et al. 2002) . The prospects for H. s. signatus appear dire, and concerted conservation eVorts are required to safeguard the future existence of the world's smallest tortoise.
